The restriction-modification system HgiD\ from Herpetosiphon giganteus strain Hpa2 has been cloned in E. coll in a two-step procedure. Selection of the methyltransferase (M.Hg/DI) gene in vitro was performed using the heterologous restriction endonuclease AhaW, an Isoschizomer of Acy\ and HglD\ We have previously characterized a group of restriction enzymes derived from the soil gliding bacterium Herpetosiphon giganteus (23). A compilation of the recognition sequences of almost all enzymes known from this organism led us to the model, that they might have evolved from a common ancestor (23). Working on the H. giganteus enzyme group was especially promising, since many of these systems showed degenerated, overlapping specificities. Therefore we have started an approach to clone some of the H. giganteus restriction-modification systems, to begin an analysis of the enzyme repertoire of one organism on the molecular basis.
INTRODUCTION
Type II restriction-modification systems are of increasing commercial and scientific interest, since they are both valuable tools and model systems to study the molecular basis of protein nucleic acids interaction. Several most interesting questions have been raised. An increasing number of different R-M systems has been cloned (1) and further analyzed in their primary structure (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) , but it is, for example, still unresolved, how methyltransferase and corresponding restriction enzyme manage to recognize the identical nucleotide sequence, although only few homologies between their amino acid sequences have ever been detected (21) . Similarly, it is still in question, how different methyltransferases recognize identical or related sequences with a minimum of sequence homology (22) , and it is unknown, whether and how different specificities within one and within different organism might have evolved from each other.
MATERIALS AND METHODS

Bacterial strains, plasmids and phages
Herpetosiphon giganteus Hpa2 was a gift of H. Reichenbach (GBF, Braunschweig). E. coli HB101 (hsdR B~ hsdM B~, mcrA + mcrB~) was taken from our strain collection. Standard M13mpl8 and mpl9 phages were grown on E. coli TGI, obtained from Amersham (Braunschweig). Lambda DNA was purchased from BRL (Eggenstein). Plasmid pOM8 is a multilinker variant of pUC18 kindly provided by I. Oberbaumer (26) . pHK255 (amp 11 ), pHK274 (amp 11 ) and pHK278 (tet R ) are constructed in our laboratory as expression level controlled vectors with the lacl°-gene, the synthetic tac promotor and terminators derived from rrnB of E. coli: pHK255 and pHK274 are multilinker variants of pJF118 (27) , while pHK278 additionally carries the tetracycline resistance gene of pBR322 instead of the ampicillin resistance gene.
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Media
Herpetosiphon giganteus cultivation was performed as described by Mayer und Reichenbach (28) in Hp 74 medium at 28°C and on Myx agar plates. E. coli strains were grown in Luria Bertani (LB) medium and on LB agar plates according to standard procedures (29) .
Enzymes and chemicals
Restriction enzymes, T4 DNA Ligase and Klenow polymerase were obtained from various distributers (AGS, Heidelberg; Boehringer, Mannheim; New England Biolabs; Schwalbach). The 'Erase-a-base' kit for exonuclease IE deletion of plasmids (30) was purchased from Promega (Heidelberg). Chain termination sequencing was done using T7 DNA polymerase from Pharmacia/LKB (Freiburg). [ 35 S-a]dATP (> 650 Ci/mmole) was obtained from Amersham (Braunschweig).
DNA preparation
Total DNA of H. giganteus cells was purified by SDS/proteinase K lysis followed by a N-cetyl-N,N,N-trimethylammoniurnbromide/NaCl and phenol/chloroform extraction as described in reference 31. Plasmid DNA isolation was performed by miniprep alkaline-SDS procedure or as a maxi-prep followed by CsCl/ethidiumbromide ultracentrifugation (29) .
Transformation
E. coli transformations were carried out according to the Hanahan protocol (32).
Construction of H. giganteus genomk DNA libraries
About 2 /ig of purified H. giganteus Hpa2 DNA were digested with HindHl and were Hgated with T4 DNA ligase to 0.5 /ig Hindm cleaved, dephosphorylated pOM8 vector DNA at 17°C for 16 hr in 50 /il reaction volume. The ligation mixture was transformed into competent E. coli HB101, cultured in LB medium for 1 hr and then plated onto LB plates containing 100 /tg/ml ampicillin (Ap). Following an overnight growth period about 6000 colonies obtained were scraped together in 5 ml of 10 mM Tris.HCl pH 7.5, 10 mM MgCl 2 . 1 ml of this library was used to inoculate 200 ml of Ap-LB medium for the isolation and CsCl purification of plasmid DNA.
Selection of methyltransferase clones
1 /xg of the library DNA was completely digested with 30 units of the commercially available HgiDl isoschizomer AhaU (New England Biolabs). After transformation into competent E. coli HB101, plating onto Ap-LB agar plates and overnight incubation at 37°C, mini-prep plasmid DNAs of individual surviving colonies were purified and analyzed for AhaU endonuclease resistance.
Cloning of adjacent genomic DNA fragments Southern-transfer of H. giganteus DNA, digested with various restriction enzymes and run on agarose gels, was performed according to standard procedures (29) , except that the nonradioactive Digoxigenin-dUTP labelling kit (Boehringer, Mannheim) was used for die preparation of a DNA probe from the previously cloned fragment and for the immunochemically signal detection. Fragments overlapping with the 3 kb Hindm methyltransferase insert were identified and used to construct a partial genomic map. Certain fragment regions were isolated from agarose gels (29) and ligated into M13mpl8/19 replicative form DNA at corresponding sites. After transfection of E. coli TGI cells, plaques grown overnight were identified by nonradioactive in situ hybridization (33) and subsequently sequenced.
DNA sequence determination DNA sequencing was done from both directions either from fragments directionally deleted by exonuclease m/Sl nuclease (30) or using internal oligonucleotides as synthetic primers following the chain termination protocol (34) , except that T7 DNA polymerase was used. All oligonucleotides were kindly synthesized by Dr. J. Hegemann from our laboratory on an ABI Model 38OB DNA synthesizer.
Detection of restriction endonuclease activity in vitro 20 ml liquid culture of a potentially endonuclease expressing clone were grown to saturation. After centrifugarion for 10 min at 5000 rpm the pellet was resuspended in 5 ml of 10 mM Tris.HCl pH 7.5, 1 mM Na2EDTA, 10 mM 2-mercaptoethanol, 0.01% Triton X-100, 1 mg/ml lysozyme. Disruption of cell walls was achieved by sonication for 1 min. Cellular debris and unsoluble material was removed by 20 min centrifugation at 18000 rpm. 1, 2.5 and 5 yl of die supernatant were tested for their ability to cleave 0.3 /xg lambda DNA in 20 /d reaction mixture containing 10 mM Tris.HCl pH 8.0, 10 mM MgCl 2 , 1 mM 2-mercaptoethanol at 37°C for 1 hr.
Partial purification of endonuclease R.HgiDl
Cloned HgiDl restriction endonuclease was partially purified from E. coli HB101 carrying the expression plasmid pHK575. 10 1 Ap-LB medium were inoculated with 0.5 1 of a pHK575/HB101 culture and grown to an OD^ of 0.7. For tac promoter induction EPTG was added to a final concentration of 1 mM and incubation was continued to an OD^ of 2.2. 33 g of wet cell mass were obtained after centrifugation. Cells were resuspended in an equal volume of buffer A (50 mM Tris.HCl pH 7.5, 5 mM EDTA, 5 mM 2-mercaptoethanol, 1 mM protease inhibitor phenylmethylsulfonylfluoride). Disruption was achieved by a French press and the soluble fraction was separated by ultracentrifugation for 40 min at 45000 rpm. Nucleic acids were removed by careful addition of streptomycin sulfate to a final concentration of about 5 %, followed by 40 min centrifugation at 45000 rpm. The supernatant was loaded onto a HeparinSepharose column (30 ml bed volume, Pharmacia/LKB) and bound proteins were eluted with a linear gradient of 0 to 1 M KC1 in 300 ml of buffer A. Individual fractions were assayed for HgiDl specific endonuclease activity in vitro, analogously to the crude extracts from above. The mean endonuclease activity eluted in a range of 0.3 to 0.5 M KC1. Seven of these fractions were pooled, dialyzed against buffer B (50 mM Tris.HCl pH 8.0, 5 mM EDTA, 5 mM 2-mercaptoethanol) and loaded onto a Mono Q FPLC column (Pharmacia/LKB). R.HgiDl did not bind to the column, but could be detected in the flowthrough and was thereby separated from most of the contaminating proteins. After dialysis against storage buffer (10 mM Tris.HCl pH7.4, 50 mM KC1, 1 mM EDTA, 5 mM 2-mercaptoethanol, 60% glycerol) 19.5 ml of enzyme volume could be stored at 4°C. Purification effects of different steps were controlled on 12.5% SDS polyacrylamide gels (29) .
Endonuclease assays of purified R.HgiDl
The R.HgiDl activity in vitro was tested by the incubation of the enzyme with 1 /ig lambda DNA at 37 °C for 1 hr in 50 /il reaction mixture containing 10 mM Tris.HCl pH 8.0, 10 mM MgCl 2 and 1 mM 2-mercaptoethanol.
Computer analysis
Analysis of sequence data was carried out using the DNASIS and PROSIS software (Version 5.02; Pharmacia/LKB) and the FLEXP program (35) .
RESULTS AND DISCUSSION
The cloning strategy for hgiDIMIhgiDIR was based on the in vitro selection protocol of specifically self-methylating plasmids (36) . In many cases this method turned out to be useful both for cloning of the methyltransferases and for the search of the appropriate endonucleases, which are mostly encoded in neighbouring genes (37) . We modified the procedure by using a heterologous restriction enzyme of the same specificity as R.HgiDl rather than the native H. giganteus enzyme for the selection step, as the native enzyme could not directly be purified in sufficient concentration and quality.
Cloning of the gene coding for M.HgiDl
A genomic MndHI generated library of H. giganteus Hpa2 DNA was constructed in E. coli HB101, paying attention to the mcrB~ phenotype of this strain (38) . The vector pOM8 (26) contained three restriction sites for R.HgiDl. Plasmid DNA,
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1000 [bp} ) and pRMDl (amp") could only be built up in E. coli HB101 host cells prematurely methylated by M.HgiD\ expressed from plasmid pHK560 (tet R ). (D) For a stable maintenance in E. coli and a controlled endonuclease expression, plasmid pHK575 was constructed using the HgiDX R-M system derived from pRMDl as a TaqUPsil insert and pHK274 as vector. This both replaces a 631 bp fragment upstream of the Taql restriction site in the 5'-untranslated region and changes the vector system from pOM8 with the lac promoter to pHK274 providing now the tac promotor/operator segment. isolated from this library, was completely digested with the R.HgiDl isoschizomeric endonuclease AhaU. Following retransformation into E. coli HB101, the analysis of 48 transformants resulted in the identification of two clones, which contained recombinant plasmids, specifically resistant both against AhaU (GR/CGYC) and Narl (GG/CGCC) endonucleases.
Total, chromosomal and plasmid DNA extracted from E. coli strains harbouring these plasmids was specifically protected against AhaU digestion (data not shown). Both methyltransferase expressing plasmids contained the same HiruSH generated insert of about 3 kb in identical orientation (pMDl-1; Fig. 1A) . Notably, the artificial inversion of this HindEl fragment within the plasmid pMDl-2 (also Fig. 1A) did not influence the resistance against AhaU digestion significantly. Crude extracts were prepared from pMDl-l/HB101 and pMDl-2/HB101 cultures as described in the METHODS section. They did not show any HgiDl endonuclease activity in \itro.
DNA sequencing and functional localization of hgiDIM and surrounding genes within pMDl-1
The construction of exonuclease IH deletion variants from both orientations of the 3 kb HindM insert allowed functional characterization parallel to sequence determination of individual subfragments. Two incomplete open reading frames (ORF A, 335 codons, and ORF C, 319 codons) flanking one internal complete reading frame (ORF B, 309 codons) could be found. They all show the same orientation and were finally designated to position 746 to 3681 in Figure 2 . Since the exonuclease En deletion of nucleotides from ORF B resulted in the loss of AhaU resistance, we concluded that this orf is the desired methyltransferase gene hgiDIM. The identification of the start and stop codons of hgiDIM was performed using a series of methylating and non-methylating subclones with a resolution of 64 and 48 bp (data not shown). As indicated in Figure 2 , ORF C turned out to contain 39% identical positions in comparison to the first 320 amino acids of the metB gene product of E. coli, an enzyme of the S-Adenosylmethionine biosynthesis pathway (39) . In contrast to this, the incomplete ORF A did not show any significant DNA or protein homologies within the same data bank search, and thus was the most probable candidate for hgiDIR.
Cloning of the hgiDIR endonuclease gene
In order to find overlapping, prolonging DNA fragments within the H. giganteus Hpa2 chromosomal DNA a Southern-blot analysis using the cloned 3 kb Hindm fragment was performed. As expected, several hybridizing fragments were detected (data not shown). Unexpectedly, the most promising fragment found, a BgM fragment of 4.5 kb, which might have contained enough nucleotides to code for the complete, functional HgiDl restrictionmodification system, could by no attempt be cloned on any plasmid system available in our laboratory. We interpreted this result as a strong hint for the existance of the endonucleolytic activity within this 4.5 kb fragment.
Therefore, we decided to clone ORF A in a truncated form on a 1.6 kb BglWEcoRI fragment. The £coRI site at position 1708 (Fig. 2) was intended to cut off the C-terminal 46 codons of ORF A and thereby inactivate any possible HgiDl restriction enzyme activity. Using M13mpl8 as cloning vector in fact led to the identification and isolation of the desired fragment within phage mpl8BE1.6. DNA sequence determination revealed an ATG at position 676 in Figure 2 , preceded by a perfect E. coli Shine-Dalgarno sequence. Attempts to directly complete the putative RM.HgiDl system with the newly cloned fragment were again unsuccessful. We assumed a misregulation of endonuclease and methyltransferase expression in E. coli similar to the behavior of RM.Ddel (24) and RM.BamHl (25) and applied a two-plasmid system. This should allow a specific premethylation of the recipient E. coli HBlOl chromosomal DNA, before the complete R-M system was expressed from a second plasmid.
The first plasmid was constructed by fusing the tetracycline resistance mediating vector pHK278 with the 2 kb EcoRI/HindM fragment of pMDl-1 yielding pHK560 (see Fig. IB ). Competent pHK560/HB101 cells were now used as recipients for the second plasmid pRMDlanti (for constructional details see Fig. 1Q . Since this vector carries ampicillin resistance, screening could now be performed with two antibiotics to identify cells containing both pHK560 and pRMDlanti. Crude extracts from pRMDlanti/pHK560/HB101 liquid cultures showed a low, but detectable HgiDl restriction endonuclease activity on lambda DNA in vitro (data not shown). Subsequent selection on ampicillin only led to an apparent loss of the tet R plasmid pHK560. Obviously, premethylation was only necessary for the establishment of the RM.HgiDl system in E. coli HBlOl, but not essential for the maintenance of this system within the heterologous host. However, minor negative effects on the growth rate and general viability of the pRMDlanti/HBlOl cells were observed (data not shown).
In order to estimate the lethality during the establishment of the RM.HgiDl system in E. coli in vivo, a quantitative transformation assay was performed. For this purpose a frameshift mutation was introduced by filling-in the HindUl site within hgiDIR by Klenow polymerase reaction. The resulting control plasmid pRMDlantiR" lost all endonucleolytic activity. Equal amounts of pRMDlanti DNA as well as pRMDlantiR" DNA were transformed each either into empty E. coli HBlOl or into pHK560/HB101 competent cells. Table 1 shows the result of this experiment. While transformation of empty E. coli HBlOl with the control plasmid pRMDlantiR" resulted in a high rate of colony formation, no transformants were obtained with pRMDlanti DNA in HBlOl. In contrast to this, premethylated pHK560/HB101 recipient cells were transformed by both plasmids independently with the same efficiency. Obviously, a functional ORF A was responsible for the observed lethal effects and the gene was consequently renamed hgiDIR.
However, it is not known now, whether this observation might be limited to the heterologous host E. coli or whether it may be a hint on a specific regulation system in H. giganteus. In any case, it may well serve as another example for only seemingly unclonable endonucleolytic activities (37) .
Stabilized expression of RM.HgiDl
Reversion of the insert within the plasmid pRMDl (see Fig. 1Q led to an increased expression of the encoded endonuclease and methyltransferase genes from the lac promotor of pOM8. The Figure 4 . Detailed comparison of ten conserved regions in m'C-methyltransferases including M.HgiDl. The figure aligns the names of the enzymes, their recognition specificities, number of references for protein sequences, the number of each first position of the conserved block and a possible consensus sequence at the bottom line. Since the borders of the conserved blocks are set not exactly like in reference 41, they are referred to as A to J in this work, rather than I to X. Following rules were obeyed for the evaluation of this consensus sequence: Highest conserved amino acids among all 21 nr'C-methyltransferases are written in capital letters using the standard single letter abbreviation; conserved residues in more than 10 enzymes are written in small letters; ' +' indicates more than 10 residues belonging to a common functional group; '-' shows less, but significant preference for certain amino acids or functional groups of residues.
R.HgiDl activity in crude extracts of pRMDl/HBlOl was slightly higher than obtained from pRMDlanti/HBlOl, accompanied by a decreased growth rate of transformed E. coli cells (data not shown).
In order to improve the stability of the R-M system in E. coli, we had to delete most of the region upstream of the characteristic Taq\ restriction site (see Fig. 1C & D; position 632 Fig. 2 ). Simultanously the new vector system replaced the lac promoter by the tac promotor/lac operator region of plasmid pHK274 to increase the rate of expression. This procedure deleted a possible promoter upstream of the endonuclease gene (see £. coli ' -10' consensus TATAATT at position 621 in Fig. 2 ), but still allowed a weak expression of the methyltransferase even in the uninduced state from its proposed own promotor (ATTAATG at position 1663 in Fig. 2 ) in pHK575/HB101 cells. IPTG induction resulted in a fairly high expression of R.HgiDl, and we were able to gain enough material to partially purify the restriction enzyme. About 1800 U/g wet weight of cells were obtained. Optimizing buffer conditions for R.HgiDl disclosed a strong preference for low ionic strength (0-50 mM NaCl) and basic pH values (8-9.5) in a wide temperature range from 20 to 45°C (data not shown).
Construction of an M.HgiDl overexpressing plasmid
For an endonuclease independent overexpression of the methyltransferase M.HgiDl the plasmid pHK540 (Fig. 3A) was constructed. It is based on our standard expression vector pHK255 and contains a SmaVHindni fragment of 1.9 kb derived from an M.HgiDl expressing exonuclease HI deletion variant of pMDl-2. As a control plasmid pHK545 (see also Fig. 3A) was used, which is derived from a methyltransferase deficient variant of pMDl-2. As shown in Figure 3B overexpressed 33 kD protein derives from ORF C, even though there is a slight difference to the calculated molecular weight of 34,678 D.
DNA sequence interpretation
Like several other R-M systems (2, 4-6, 9, 10, 13, 14, 16) the RM.HgiDl genes turned out to be high in A+T content (58% in M, 66% in R). The codon usage reveals an unusual amount of codons (30% for M, 33% for R), which are rarely (3.6%) used in strongly expressed E. coli proteins, as taken from reference 40. In contrast to the R-M genes, ORF C, has got rather normal values of 45% A+T and 20% of seldomly occuring codons. These data are in good accordance to the potentially corresponding E. coli meiB gene, revealing 48% or 23%, respectively (39) .
The two reading frames of hgiDIR and hgiDIM are connected by an ATGA start/stop codon overlapping module. This was found initially for the lambda ran genes connecting tightly regulated genes and was recently used as TGATG module for an artificially connected gene expression system (56, 57) .
No significant similarities were found between the amino acid sequences of HgiDl methyltransferase and restriction endonuclease. The same result was observed, when R.HgiDl DNA and protein sequence were compared with 20 published sequences of type II endonucleases (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . This observation seems to represent a general feature within bacterial R-M systems.
Since the Narl GGCGCC recognition sequence was also protected by M.HgiDl methylation, the product had to be either nV' C or rrr'C. As expected, M.HgiDl shares some obvious homologies with one of these groups, namely the m (Fig. 4) showed, that it fits into the previously described pattern often conserved regions (41) . Among this type of enzymes M.HgiDl (309 aa) now represents the most compact.
The long variable region between block H and I, which in the case of multispecific methyltransferases contains the sequence specificity domains (42) 
